The solid electrolyte interphase (SEI) forms on all lithium battery anodes during operation and dictates their performance. Using cryoelectron microscopy, we stabilize these reactive materials for atomic-scale observation and correlate their nanostructure with battery performance. By imaging at various stages of battery operation, we reveal that the distribution of crystalline domains within the SEI is critical for the uniform transport of lithium ions. This establishes the important role that the SEI nanostructure plays in determining the performance of a battery. 
The solid electrolyte interphase (SEI) forms on all lithium battery anodes during operation and dictates their performance. Using cryoelectron microscopy, we stabilize these reactive materials for atomic-scale observation and correlate their nanostructure with battery performance. By imaging at various stages of battery operation, we reveal that the distribution of crystalline domains within the SEI is critical for the uniform transport of lithium ions. This establishes the important role that the SEI nanostructure plays in determining the performance of a battery. 
INTRODUCTION
Future innovations and breakthroughs in battery materials depend on our intimate understanding of their working principles and failure modes. For high-energy battery electrodes (e.g., silicon, lithium metal, sulfur), identifying critical failure points (e.g., volume expansion, dendritic growth, particle fracture, material dissolution, high reactivity) has been the key driver of materials design [1] [2] [3] [4] [5] [6] [7] [8] [9] and engineering solutions 10 to improving battery performance. Unfortunately, much of the current understanding has been limited to the microscale since battery materials are reactive in air 11 and easily damaged 12 from the high electron dose rates necessary for high-resolution studies. Atomic-resolution imaging of sensitive battery materials in their native states has recently been demonstrated using cryoelectron microscopy (cryo-EM), enabling new insights into nanoscale structures that have a significant impact on battery operation. 3, 13 In particular, cryo-EM revealed two distinct nanostructures of the solid electrolyte interphase (SEI), a passivation film that forms on the surface of all battery electrodes due to electrolyte decomposition. 3 The SEI plays a crucial role in battery operation, 1,2 as both electron charge transfer and Li redox reactions occur simultaneously at this interface. Although our observation resolves the longstanding debate between two prominent SEI models within the battery community, the fundamental relationship between SEI nanostructure, function, and battery performance is yet
Context & Scale
Batteries with high energy density are actively being pursued for applications in transportation and grid-level energy storage. Although high-energy battery chemistries exist, the fundamental mechanisms governing their failure modes are not well known at the atomic level. In particular, the solid electrolyte interphase (SEI) is a critical battery interface that forms on all lithium battery anodes whose exact mechanistic function is poorly understood at the atomic scale. It has been widely believed that the SEI chemistry is the major factor in regulating performance. In our present work using cryoelectron microscopy, we show for the first time that it is instead the SEI nanostructure that ultimately dictates battery performance. This surprising yet consistent finding provides an entirely new direction to explore for engineering the SEI nanostructure in battery materials.
to be established. It is this missing insight that continues to impede battery research progress, a knowledge gap we seek to fill in this work.
Indeed, this correlation between SEI nanostructure and performance is particularly important for the Li metal anode, a high-energy battery material that suffers from low coulombic efficiencies due to significant Li loss during electrochemical deposition and stripping. 14 27, 28 suggests that organic and inorganic decomposition products from the electrolyte are precipitated and distributed heterogeneously within the SEI, forming a mosaic of microphases with both crystalline and amorphous character ( Figure 1A ). In contrast, Li metal forms a multilayer SEI nanostructure when deposited in the same standard carbonate-based electrolyte (EC/DEC) with an additional 10 vol% fluoroethylene carbonate 3 (FEC). In the multilayer model 29 proposed by Aurbach et al., decomposition components in the SEI are arranged uniformly to form an ordered and layered structure that separates the organic and inorganic layers ( Figure 1D ). Despite exhibiting a much higher coulombic efficiency in 10 vol% FEC, the Li metal deposited in this electrolyte (Figure 1E ) appears to have the same dendritic morphology as that of the Li deposited in standard EC/DEC ( Figure 1B) . Interestingly, the electrochemically stripped Li morphology is completely different between the two electrolytes. Although the stripped Li metal in the EC/DEC electrolyte ( Figure 1C ) appears to have decreased in the number density but not in diameter compared with deposited Li ( Figure 1B) , the stripped dendrite in the 10 vol% FEC electrolyte ( Figure 1F ) is significantly thinner in diameter than that of the deposited Li ( Figure 1E ). Therefore, the SEI nanostructure may play an important role in the electrochemical stripping process. 2D is surrounded by the electrically insulating SEI, disconnecting it from the current collector and rendering the Li electrochemically inactive and ''dead''. Furthermore, large regions of remaining Li metal can be observed by scanning electron microscopy (SEM) after stripping to 1.0 V on the fifth cycle ( Figure S1 ), which is also corroborated by previous reports. 30, 31 Therefore, the primary failure mode in carbonate-based electrolytes is isolated and inactive Li metal. Understanding the fundamental mechanism of this inactivation process requires us to observe Li metal dendrites frozen in the middle of electrochemical stripping.
Partially stripped Li dendrites are shown in Figure 2E . Instead of fully removing the Li by electrochemically stripping to 1.0 V, we examine the dendrites after removing 50% of their original deposited capacity (see Experimental Procedures). Interestingly, notches form on the surface of the stripped dendrite as the SEI conforms to Li metal during this change in surface morphology. To form these notched structures, fast Li dissolution must be localized in these regions and occur radially around the dendrite perimeter. As this non-uniform stripping process continues, these notches would evolve into clefts that completely pinch off and electrically disconnect portions of Li metal in the dendrite, as seen in Figures 2B and 2D . The intimate contact between the SEI and the Li metal suggests that the SEI layer strongly governs the Li stripping process. Figure 2F shows a high-resolution cryo-EM image of the notched region, where the SEI contains mostly crystalline nanograins $3-5 nm in (F and G) Magnified cryo-EM images of boxed region in blue (F) and purple (G) from (E). A high concentration of crystalline grains is observed in the SEI nanostructure at the notched region, while the SEI is mostly amorphous away from the notch. Electron dose rate $1,000 e Å À2 s À1 for $30 s.
diameter. These inorganic grains of Li oxide and Li carbonate (identified by matching their lattice spacings Figure S4 ) are dispersed within an amorphous matrix, which is likely the organic polymer formed after electrolyte decomposition. The rings observed in the fast Fourier transform (FFT) of the high-resolution image ( Figure 2F inset) suggest the SEI is rich in Li oxide, further confirming the high concentration of crystalline grains in the SEI nanostructure at the notched region. In contrast, the SEI in regions away from the notch is mostly amorphous and has low crystallinity (Figure 2G) . Furthermore, the weak ring patterns in the associated FFT pattern suggests a scarcity of Li oxide grains ( Figure 2G inset) , with the strong diffraction spots corresponding to Li metal that appears to remain single-crystalline during stripping.
This analysis has been repeated for multiple dendrites ( Figures S3 and S8 ). In addition to structural information, cryo-EM stabilizes the Li metal dendrites to enable elemental analysis by electron energy loss spectroscopy (EELS). Since the organic components of the SEI are decomposition products of the organic electrolyte, the carbon content is expected to be comparable with the oxygen content in an SEI region that is predominantly amorphous ( Figure S9 ). In contrast, a highly crystalline SEI region containing Li oxide and Li carbonate grains would be expected to have a much higher oxygen content than carbon. Using scanning transmission electron microscopy coupled with EELS, we can spatially map the elemental components of Li, C, and O. Quantitative analysis of the EELS data reveals that the C to O atomic ratio is approximately 1 for regions away from the notch, indicating a largely amorphous SEI (Figures S10-S12 ). At the notched region, the C to atomic ratio is much lower ($0.5), further showing that this region contains a high concentration of crystalline inorganic components. These data demonstrate that the mosaic SEI nanostructure formed in EC/DEC electrolyte has a heterogeneous spatial distribution of inorganic crystalline domains along a single Li dendrite.
From these observations, we hypothesize that nanocrystalline components in the SEI facilitate fast Li ion transport through the amorphous, polymeric matrix. Such ceramic-like crystalline grains (i.e., Li oxide) are known to have low ionic conductivity in the bulk, 32 making conduction pathways more likely to proceed at the crystallinepolymer interface. Indeed, numerous reports in the literature experimentally show dramatic enhancement of ionic conductivity when ceramic nanoparticles are dispersed in solid polymer electrolytes, [33] [34] [35] [36] a system that closely resembles the SEI layer. One proposed explanation from Wieczorek 37, 38 suggests that a strong affinity exists between acidic groups on the nano-oxide surface and the anion of the Li salt in the electrolyte (PF 6 À in this case). This helps to separate the Li + PF 6 À ion pair and allow free Li ions to move rapidly at the ceramic-polymer interface. Alternatively, the rapid ionic conduction at interfaces in heterostructured materials demonstrated in many previous studies could also be attributed to space-charge effects. 39 Clearly, it is evident that the non-uniform distribution of nanocrystalline components in the SEI plays a major role in notch formation along the dendrite. Figure 3A shows a typical Li metal dendrite deposited in EC/DEC electrolyte with 10 vol% FEC additive. These dendrites exhibit almost identical morphologies with those deposited in the absence of FEC additive (Figure 2A) . Additionally, the familiar coating on the Li dendrite exists and has a dark contrast in the cryo-EM image, indicative of the SEI layer ( Figure 3A ). Despite this similar deposition morphology and density, batteries using the FEC additive exhibit a dramatic improvement of the coulombic efficiency to 96% (see Experimental Procedures). This result implies that the amount of electrochemically inactive Li metal is significantly reduced in the presence of FEC, with only 4% Li lost per cycle in the FEC electrolyte compared with 12% Li loss in the standard EC/DEC electrolyte. Indeed, when we electrochemically strip Li metal to 1.0 V, we observe empty SEI shells with no Li metal remaining inside ( Figures 3B and 3D ). With the Li metal fully removed, the empty SEI shell collapses, resulting in a wire-like morphology with a significantly thinner diameter ($50 nm) than the deposited Li metal dendrite ($300 nm). Further confirmation with SEM images of stripped dendrites shows only empty SEI shells ( Figure S2 ). Interestingly, partially stripped Li metal dendrites do not exhibit any notched structures on the surface ( Figure 3E) , as was the case in standard EC/DEC electrolyte ( Figure 2E) . Instead, the dendrites develop a wavy and curved morphology along the surface when Li metal is partially removed, in contrast to the more linear and straight surface for deposited Li metal ( Figure 3A ). This suggests that Li dissolution is more uniform through the SEI along the entire dendrite in the FEC electrolyte system.
Uniform Li Dissolution through Multilayer SEI
Atomic-resolution imaging of the SEI surface by cryo-EM provides evidence for this observed difference in Li stripping behavior between standard EC/DEC electrolyte and FEC-additive electrolyte. At two different regions of the stripped dendrite, the SEI appears to have a multilayer nanostructure typical of films formed in the presence of FEC additive 3 ( Figures 3F and 3G ). Crystalline grains (identified to be Li oxide by matching lattice spacings) are more uniformly dispersed on top of the amorphous matrix along the dendrite in both regions. Furthermore, the FFT pattern ( Figures 3F and 3G inset) and the high-resolution cryo-EM image both show that the lattices of these crystalline components are fairly aligned in the same direction. With no obvious increase in crystalline grain density within the SEI in any specific region along the dendrite, uniform Li transport can then proceed through this multilayer SEI until Li metal is fully stripped (Figures 3B and 3D) . From electrochemical impedance spectroscopy, it also appears that the charge transport resistance through this multilayer SEI is lower than that of the mosaic SEI ( Figure S7 ), further facilitating a uniform stripping process. The subtle effect of the FEC additive to change the SEI nanostructure results in a dramatic improvement in the Li metal battery performance, with the remaining loss in coulombic efficiency (4%) coming from the irreversible formation of SEI shells that are not completely refilled by Li metal during re-deposition ( Figure 3C ).
Simulation of Structure Change in Stripped Dendrites with Non-uniform Li Transport
Although qualitative differences in crystalline grain distribution within the mosaic and multilayer SEI nanostructure have been identified as the controlling parameter of Li transport, we still need to quantify how variations in SEI ionic conductivity affect the dendrite structure during electrochemical stripping. Figure 4A shows a COMSOL simulation of a typical Li dendrite (gray) coated with a layer of SEI (green) before stripping (see Experimental Procedures, Figure S6) . We model the SEI layer as a $30 nm film with uniform ionic conductivity along the dendrite. Furthermore, we add in a small region of increased ionic conductivity (red) in the SEI ranging four orders of magnitude. When the ionic conductivity is uniform along the SEI (Figure 4B ), the Li dendrite strips evenly as expected and takes 104 s to reach 25% of its original diameter. However, when the ionic conductivity is increased beyond one order of magnitude ( Figures 4D-4F ), an obvious notch begins to form on the stripped dendrite at the higher conductivity defect (red), matching our previous observation ( Figure 2B ). With the ionic conductivity at the defect increased by three orders of magnitude ( Figure 4E ), the notch quickly (32 s) develops into a cleft that would pinch off the dendrite and electrically disconnect the Li metal from the current collector. Interestingly, ionic conductivity differences within an order of magnitude seem to generate curved surfaces rather than notches on the stripped dendrite ( Figure 4C ), closely resembling the wavy structure observed in dendrites with a multilayer SEI ( Figure 3B ). Therefore, uniform Li metal stripping can still occur with minor variations in ionic conductivity along the SEI, provided the differences are within an order of magnitude.
Conclusions
For the first time, we use cryo-EM to reveal the dynamic and fundamental effect of distinct SEI nanostructures on Li metal battery performance. Crystalline grains must be distributed evenly such that the ionic conductivity does not vary significantly both spatially and in magnitude for uniform stripping. Furthermore, the favorable multilayer SEI nanostructure found in this study opens new research questions to explore. Specifically, the unknown formation mechanism of different SEI nanostructures will be critical in providing insight for rationally designing electrolyte additives. These fundamental findings at the nanoscale enabled by cryo-EM demonstrate the exciting opportunities this powerful technique provides for battery materials research.
EXPERIMENTAL PROCEDURES Battery Construction and Electrochemistry
In an argon-filled glovebox, type-2032 coin cells were assembled with a polymer separator current density of 2.0 mA cm À2 was applied for 15 min, resulting in the dissolution of $50% of the deposited Li metal. For cryo-EM analysis, batteries were disassembled in an argon-filled glovebox. The Cu working electrode was washed briefly with 1,3-dioxolane electrolyte to remove Li salts. The remaining Li metal was removed and placed onto a lacey carbon TEM grid for analysis.
Cryo-Sample Preparation and Cryo-EM Imaging Conditions
Once the sample is placed onto the TEM grid and dried, it is quickly transferred into liquid nitrogen outside of the argon-filled glovebox using a sealed container. The sample is then placed onto the cryo-EM holder while immersed in liquid nitrogen and directly inserted into the TEM column at À170 C. A special shutter on the cryo-EM holder prevents air exposure and moisture from condensing onto the sample while any side reactions that may introduce experimental artifacts are kinetically inhibited. Unless otherwise stated, all TEM images shown in this study are taken at cryogenic temperatures (À170 C), which dramatically reduces beam damage. Sample regions were exposed to electron (e) dose rates of $1,000 e A À2 s À1 for $30 s in high-resolution images and <1 e A À2 s À1 for $30 s in low-resolution images (details in figure captions).
Electron Microscopy
All TEM characterizations were carried out using an FEI Titan 80-300 environmental (scanning) TEM operated at 300 kV. The microscope was equipped with an aberration corrector in the image-forming (objective) lens, which was tuned before each sample analysis. All cryo-EM images were acquired with an exposure time in the range of 0.04-0.5 s using a OneView camera (Gatan). During the TEM image acquisition, the corresponding electron dose flux (measured in units of number of electrons per square angströ m per second, eÀ Å À2 $s À1 ) was also recorded. This parameter had been calibrated for the instrument using an analytical TEM holder with a Faraday cup. Lattice spacings of Li metal and its salts were analyzed using DigitalMicrograph (Gatan) software. SEM characterizations were carried out using an FEI Magellan 400 XHR.
Coulombic Efficiency Calculation
The average coulombic efficiency of all coin cells was evaluated for the first 10 cycles according to a modified Aurbach method. 40 This approach accurately determines the coulombic efficiency by plating and stripping Li on a Li reservoir rather than bare Cu. A 5 mAh Li reservoir was deposited and stripped to passivate the Cu surface, then the operational 5 mAh reservoir was deposited. A fixed capacity of 1 mAh was cycled 10 times at a current density of 2 mA cm À2 , and the Li reservoir was then fully stripped. The capacity loss in the reservoir was averaged over 10 cycles to give an accurate coulombic efficiency. The reported coulombic efficiencies of 88% in EC/DEC and 96% in FEC electrolyte are the average of three cycled cells. An example calculation and voltage profile can be found in Figure S5 .
COMSOL Simulation
The simulations were performed using COMSOL Multiphysics with the physics module Tertiary Current Distribution, Nernst-Planck and the deforming mesh of the electrodeposition module. The average current through the cell was set as 2 mA cm À2 . The majority of the simulation cell consists of the electrolyte impregnated separator with thickness 25 mm. where D SEI is 1 3 10 À10 , D max ranges from 1 3 10 À10 (zero times increased conductivity in defect) to 1 3 10 À6 (four orders of magnitude increased conductivity in defect), and y is the y coordinate of the defective region (varying conductivity in the y direction). The defect was placed in the center of the 6-mm-tall, 500-nm-thick Li dendrite. The SEI thickness was set to be 30 nm, according to experimental observations, and covered the entire Li dendrite and bulk electrode. The stripping electrode surface was set to the Li dendrite surface and the bulk electrode surface.
The maximum mesh element size in the defect region was 1 nm. 
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